Techniques to monitor populations of feral swine (Sus scrofa) relative to damage control activities are needed on rangelands. Our objectives were to describe and assess a mark-recapture technique using tetracycline hydrochloride (TH) for monitoring feral swine populations. We established bait stations at study sites in southern and central Texas. During 1 d, we replaced normal soured corn bait with bait containing TH and counted the number of feral swine that consumed bait with observers. We conducted feral swine removal using box-style traps and helicopters, at which time we collected teeth for TH analysis. In southern Texas, we estimated population reduction to be 43%. In central Texas, we estimated population reduction of 31%. Our mark-recapture population monitoring technique would complement programs to manage feral swine populations and damage through lethal control.
INTRODUCTION
Feral swine (Sus scrofa) pose a significant threat to agriculture and the environment (Seward et al. 2004) . They are implicated in economic and environmental damages, including consumption of crops; predation of livestock, ground-nesting birds, reptiles, and amphibians; disease transmission; soil erosion; destruction of habitat; and competition with native wildlife (Campbell and Long 2009) . Feral swine are found on every continent except Antarctica and were first brought to North America by European explorers and settlers (Towne and Wentworth 1950; Sweeney et al. 2003) . Established populations occur in most states of the United States, where they are rapidly expanding into new areas (National Feral Swine Mapping System 2010) .
Land managers often use a variety of lethal control methods to combat growing feral swine problems. Population indices and density estimates are tools for monitoring the effectiveness of these control methods (Cowled et al. 2006) . However, population monitoring techniques used for native ungulates are often not effective for feral swine in many rangeland ecosystems (Reidy 2007) . Therefore, a need in feral swine damage management is a method of monitoring populations of feral swine relative to control activities (Sweitzer et al. 2000; Sweeney et al. 2003) .
Traditional mark-recapture techniques to evaluate densities of free-ranging wildlife are hindered by logistical constraints, cost, and time (Sweitzer et al. 2000) . Ingestible biological markers have been used to mark and estimate population size of several species of wildlife. One biological marker that is valuable in wildlife management is tetracycline hydrochloride (TH), a palatable and ingestible antibiotic that establishes a permanent fluorescent mark on growing bone and teeth (Milch et al. 1957) . Managers have used TH to quantify populations of black bears (Ursus americana; Garshelis and Visser 1997) and polar bears (Ursus arctos; Taylor and Lee 1994) , measure the use of supplemental feed by white-tailed deer (Odocoileus virginianus; Bartoskewitz et al. 2003) , and determine the feasibility of delivering pharmaceuticals to white-tailed deer (Van Brackle et al. 1994) . Herein, we report estimates of feral swine population size before lethal removal and population reduction after removal on two Texas rangelands. Our objectives were to describe and assess a mark-recapture technique using TH for monitoring feral swine populations.
METHODS

Study Areas
Our study area in southern Texas was the Rob and Bessie Welder Wildlife Refuge (WWR), which was approximately 12.8 km north of Sinton in San Patricio County, Texas (lat 28u069N, long 97u229W). The WWR consisted of approximately 32 km 2 bordered to the north by the Aransas River, the west by US Highway 77, and the south and east by private rangeland. Topography was flat with elevations ranging from 0 to 14 m above sea level (Ilse and Hellgren 1995) . Habitat was characteristic of both the Gulf Prairies and Marshes and South Texas Plains ecoregions (Drawe et al. 1978) . Our study area in central Texas was Fort Hood, which was located in Bell and Coryell County, Texas, and encompassed 879 km 2 . It was an active military base surrounded by private land on the eastern edge of the Edward's Plateau ecoregion within the Lampasas Cut Plains physiographic region (Raisz 1952) . Our specific study site was Training Area 36 located on the southeast corner of Fort Hood (lat 31u069N, long 97u349W). It was approximately 10 km 2 in size, bordered to the south and east by private rangeland and to the north and west by Fort Hood training land. Training Area 36 was characteristic of Fort Hood and consisted of shallow soils and limestone uplifted mesas ranging from 40 to 80 m high (Weinberg et al. 1998 ).
Methods
We established six bait stations $ 1 km apart on the WWR and four bait stations $ 800 m apart on Fort Hood. Each station consisted of 2 3 2 m of cleared ground with a metal T-post at one end to facilitate camera placement. Stations were baited daily with approximately 6 kg corn soured in water for 24-48 h. Stations were continuously monitored with Silent Image TM Professional (RECONYX, La Crosse, WI, USA) motion-sensitive continuous video cameras. When we determined that feral swine were consistently using bait stations, we baited each station with approximately 24 kg of TH-treated soured corn on 1 d. We placed TH-treated corn out between 1500 and 1600 h. Feral swine need to ingest $ 200 mg TH to be adequately marked, and these marks have been identified in feral swine teeth $ 7 d postingestion (Fletcher et al. 1990; Reidy et al. 2008 ). We prepared TH-treated corn by placing 12 kg of corn in plastic buckets with 2 L of water for 24-48 h and mixing the soured corn with 10 000 mg of powdered TH (IVAX Pharmaceuticals, Inc., Miami, FL, USA) for 4 min in a 100-L electric cement mixer (RED LION, Monarch Industries, Winnipeg, Manitoba, Canada). The TH concentration was approximately 400 mg ? 0.45 kg 21 soured corn as per previous studies with ungulates of similar body size (Van Brackle et al. 1994) . We placed an observer in a blind 30-100 m from each bait station. The observer counted the number of feral swine consuming TH-treated soured corn and removed all TH-treated soured corn once a group of swine had eaten and moved away. This prevented the possibility of double counting individual feral swine.
We used 14 feral swine box-style traps on the WWR and 6 box-style taps on Fort Hood. All traps were . 200 m from previously mentioned bait stations. All traps were tied open and prebaited with soured sorghum rather than corn to reduce bias associated with feral swine accustomed to eating corn. We set traps for 84 trap nights on the WWR and 60 trap nights on Fort Hood. Additionally, we used a helicopter to remove swine over 1 d on each study area. We collected mandibles from all swine removed. Mandibles were boiled for approximately 3 h, and teeth were removed. Teeth were sectioned to 100-150 mm longitudinally and examined microscopically under ultraviolet light for the presence of the TH marker (Fletcher et al. 1990 ). All procedures were approved by the Institutional Animal Care and Use Committee at the National Wildlife Research Center (Protocol No. QA-1309).
We used the Lincoln-Peterson index to obtain a population estimate from the ratio of TH marked to unmarked feral swine in the sample (White 1996) . We used the joint hypergeometric maximum likelihood estimator because of the single voluntary mark event and no recaptures due to lethal removal. We obtained a population abundance estimate and reported means with 95% confidence intervals in parentheses.
RESULTS
On our rangeland site in southern Texas, we identified 65 feral swine consuming TH-treated soured corn at bait stations. We captured and removed 87 feral swine using box traps. Furthermore, we removed 19 feral swine by helicopter for a total of 106 feral swine removed. We found 37 of the removed animals to have TH-marked teeth. From this, we determined population estimates for feral swine before removal to be 184.8 (154.3-215. 3) swine and an estimated population reduction of 43%. Including removal, our mark-recapture technique used 415 person-hours to complete. On our rangeland site in central Texas, we identified 13 feral swine consuming TH-treated sour corn at bait stations. We captured and removed 17 feral swine using box traps. Additionally, we removed two feral swine by helicopter for a total of 19 feral swine removed. We found four of the removed animals to have TH-marked teeth. From this, we determined population estimates for feral swine before removal to be 55.0 (23.9-86.1) swine and an estimated population reduction of 31%. Including removal, our markrecapture technique used 185 person-hours to complete.
DISCUSSION
We found TH to be a suitable marker for mark-recapture estimates of feral swine on our study sites. Feral swine readily ingested TH combined with soured corn bait. However, TH is a permanent marker, and care should be taken if it is to be reused on a single area (Garshelis and Visser 1997) .
The mark-recapture technique that we describe has six advantages over traditional population monitoring techniques. First, this technique uses a single voluntary marking event, and there is no need to capture animals initially to mark animals with an ear-tag, collar, tattoo, or PIT tag. This reduces cost expenditures associated with animal capture and handling and may increase the probability of future animal captures for removal. Second, in situations in which reduction of feral swine numbers is an objective, this technique has an advantage in that trapped swine can be euthanized instead of being released for future recapture. Therefore, this technique complements lethal control programs for feral swine. Third, this technique allows for a narrow mark and recapture window, which limits biases due to violation of the assumption of population closure. For example, the duration from marking to recapture was , 53 d on the WWR and , 34 d on Fort Hood. Therefore, the amount of time available for immigration or emigration events to occur was minimal. Fourth, different methods of recapture can be used with this technique. For example, we used two different techniques, trapping and aerial control, to ensure that we sampled trap-shy animals. Fifth, this technique provides a population estimate with a measure of variance, unlike other techniques like tracking indices (e.g., see Engeman et al. 2007 ). Finally, this technique allows for the calculation of the proportion of feral swine population removed during lethal control activities by using the proportion of marked swine in the sample that were removed. This information is critical to natural resource managers needing to provide assessments of management activities to decision makers. This mark-recapture population monitoring technique would complement programs to manage feral swine populations and damage through lethal control.
MANAGEMENT IMPLICATIONS
Use of biomarkers and lethal removal to estimate feral swine populations will be appropriate in situations where swine are visible at bait sites and susceptible to trapping or aerial gunning (Campbell et al. 2010) . Where these criteria cannot be met, other techniques, such as tracking indices (Engeman et al. 2007) or traditional mark-recapture techniques (Sweitzer et al. 2000) , could be employed. Our data suggest that 2-3 wk of trapping and 1 d of shooting swine from a helicopter resulted in removal of 31-43% of the estimated feral swine population. Additional studies using different levels of effort to remove feral swine could establish a relationship between effort and percent of a population removed. Such a relationship would be valuable in cost-benefit analyses of efforts to control feral swine damage.
